This paper investigates the efficacy of an open-inquiry approach to achieve a long term stability of physics instruction. This study represents the natural continuation of a research project started four years ago when a sample of thirty engineering undergraduates, having already attended traditional university physics instruction, were involved in a six-week long learning experience of open-inquiry research activities within the highly motivating context of developing a thermodynamically efficient space base on Mars. Four years later, we explore the effectiveness of that learning experience by analyzing the outcomes that the students achieved by answering again the same questionnaire that was administered them both prior to and immediately after those activities. As we did in the first work, students' answers were classified within three epistemological profiles. Now, a comparison among students' outcomes during the three phases, namely, preinstruction, postinstruction, and after four years has been carried out. Immediately after the open-inquiry experience, the students obtained significant benefits in terms of the strengthening of their practical and reasoning abilities, by proficiently applying the learned concepts to face and solve real-world problem situations. In this study, the students' answers do not highlight any significant regress towards their preinstruction profiles. The global robustness of the teaching strategy adopted four years ago is confirmed by a statistically significant comparison with a control group of students who experienced the same curricular instruction except for the open inquiry-based workshop. Nevertheless, some changes have been observed and discussed in the light of the answers the students provided to a short interview regarding their studying or working experiences across the four-year temporal window.
I. INTRODUCTION
The achievement of long lasting and effective learning is the main purpose of any scientific instruction [1] [2] [3] . This is important for everyone in order to approach everyday life in a more conscious way, and particularly for all those students directly engaged in science or engineering practices. For them, an effective science instruction should support the development of useable knowledge in order to foster the application of core ideas across the science disciplines [4] [5] [6] . Moreover, through developing and using models, planning and conducting investigations, analyzing and interpreting data, using mathematical and computational thinking, and constructing explanations, future scientists should gain a deeper understanding of fundamental disciplinary concepts and, at the same time, strengthen reasoning skills and transversal abilities in solving everyday life problems [7] [8] [9] . For these reasons, a scientific instruction should be considered most effective when it produces a lifelong lasting learning [10, 11] .
In this view, science education carried out by fostering the development of the process of inquiry-learning through questioning-and the practice of scientific reasoning is nowadays considered the most effective framework for teaching or learning science, in terms of an active construction of long term meaningful knowledge, supporting the overcoming of both conceptual and epistemological difficulties in problem solving [12] [13] [14] [15] . An inquiry-based science education is becoming a common teaching paradigm all over the world at both primary and secondary school. Unfortunately, except for some notable experiences of inquiry-based instruction, such as the Workshop Physics [16, 17] , Real-Time Physics [18] [19] [20] , Interactive Lecture Demonstrations [19] , and Conceptual Labs [21] , this is generally hardly happening at university, where most scientific disciplines are still taught by following a lecture-based method of instruction. In some cases, this might be due to greater numbers of students attending a university course, limiting the possibility to engage them within an inquiry-based learning environment in real laboratories.
In other cases, laboratories are still considered places to show demonstrative experiments, having previously introduced the students to a physics theory or law [22] .
In a previous study we addressed the problem of developing an effective strategy of instruction for science or engineering students by involving a group of engineering undergraduates, who had already attended regular physics lectures, to experience an open-inquiry (OI) based learning environment on thermal phenomena [23] . A questionnaire, specifically developed to investigate the presence of problem-solving related epistemological difficulties affecting the deep understanding of common life phenomena in thermal science, was administered to the students both prior to and after the OI experience. Even if students had already attended traditional courses on thermal science before the OI-based workshop, a significant fraction of students experienced difficulties in applying physics concepts to solve problems. In the framework provided by domain-specific expertise and by following a phenomenographic approach [24] [25] [26] [27] to the analysis of students' answers to the questionnaire, it was possible to categorize typical answering strategies (see Table I in Ref. [23] and here summarized in Table I ), identifying three ideal student profiles: (i) the practical or everyday (pe)-type, characterizing the student who remains embedded in the everyday common sense explanation without achieving a scientific comprehension of the observed phenomena; (ii) the descriptive (de)-type, associated with the learner who studies physics laws and theories in a purely mnemonic formulation; and (iii) the explicative (ex)-type, referring to the ability of finding explicative models and effective reasoning for the resolution of common life scientific problems.
The statistical analysis of the similarity relationships between the real students' answering strategies and the three ideal student profiles allowed us to quantify the positive effects of the OI-based learning experience on the student epistemological stances with respect to facing thermal phenomena and solving related problems [23] . As a matter of fact, at the beginning of the workshop the students showed higher levels of similarity with the de-type profile, while at the end of OI-based activities the majority of them adopted ex-type reasoning strategies.
In this work we report the results of a study aimed at investigating the long term effectiveness of those students' outcomes about four years after they attended the OI-based workshop. Our previous work was significant in that it was one of the first to explore quantitative relationships between inquiry-based instruction and student epistemologies. Here, for the first time to the best of our knowledge, a quantitative analysis about the long term stability of student strengthening of reasoning skills for everyday problem solving in thermal science is presented. Only two previous studies attempted to address this issue some time ago by investigating the long term learning effects of "active engagement" methods in mechanics courses at university, providing promising results about the achievement of permanent change in students' conceptual framework up to three years after instruction [28, 29] . We invited the same students from the first studynow mostly graduated professionals-to answer the same questionnaire they answered four years ago in the researchlike context of the "Mission to Mars" OI-based workshop. A comparative study between the answering strategies implemented by the students now and those provided four years ago has been carried out by applying the same method of similarity analysis performed in the previous study, with respect to the three ideal student profiles described above. A control group of students, selected for having experienced the same curricular path of instruction with the research sample, except for the OI-based experience, has been used for comparison in order to strengthen our findings. In the following section we introduce a short background, the rationale of our research study, and the research question addressed in this paper. The method of sample selection, data collection and analysis, and the results and discussion are reported in the subsequent sections. The conclusion section reports a summary of the results and final comments about the advantages and limits of OI-based teaching strategies for a long lasting physics education of science and engineering students.
II. THEORETICAL BACKGROUND AND RESEARCH RATIONALE
Teaching science, and physics in particular, has always had a twofold objective. First, it should provide every The student faces practical physics problems by using only their commonsense experience, providing examples from everyday life and, in some cases, by mentioning physical quantities which are not useful to achieve a coherent explanation of the described phenomenon.
The student approaches the problem resolution by focusing on their background of knowledge, by writing one or more mathematical expressions in order to achieve a reasonable description of the observed phenomenon, but without any further step towards the problem resolution.
The student achieves a successful explanation of the proposed problem by effectively applying their theoretical background of knowledge within the appropriate physical context, addressing the most relevant physical quantity involved in the problem and providing a reasonable explicative model.
person with an adequate wealth of knowledge, in terms of both interdisciplinary scientific concepts and practical abilities in order to recognize and fix scientific troubles they might face in the context of everyday life. Second, in particular for all those students who want to undertake a career in science and consider the opportunity to make scientific research their future job, the focus of an effective teaching process should be the strengthening of the reasoning skills of the student, who needs to be suitably trained to develop a scientific mind. Solving problems by using scientific concepts effectively has always been considered a critical part of this scientific upbringing. In this regard, a fundamental role is played by the inquiry process, i.e., the reasoned questioning that drives any sort of scientific research. In inquiry-based instruction, the students are engaged in highly motivating learning environments and focused on a specific problem to be addressed by following a circle of activities [30, 31] : identify scientifically oriented questions, plan investigations, collect evidences, build explanation models, share findings, and eventually address new questions that might arise. In this context, depending on the amount of information and support provided by the teachers, the learners may be involved in a structured or guided inquiry or in OI [32] . In OI-based instruction, the teacher takes the delicate role of defining the context for inquiry, stimulating the students to derive their own questions about a problem, design and carry out independent investigations, construct coherent explanations, and discuss their findings. This level of inquiry requires higher capacities of scientific reasoning with respect to a more structured and guided inquiry, but, for this reason, it is considered the best training to achieve higher levels of critical thinking skills, involving flexibility, judgment, and contemplation, as part of the changes that occur in the course of inquiry [33] [34] [35] [36] . However, the introduction of the students to an OI learning environment without any prior instruction on a specific topic might require an excess of cognitive effort from some of them in terms of scientific reasoning, inducing feelings of inadequacy or frustration, and could not bring about an effective understanding of the concepts [37] [38] [39] . Recently, an integrated teaching method with students approaching an OI-based instruction after a traditional lecture-based course seems to offer a valuable possibility of effective teaching and learning strategy [23] . Students involved in OI-based learning experiences have the authentic opportunity to perform researchlike activities as real scientists. Definitely, this contributes to achieving a robust awareness of the process of scientific inquiry and a deeper view of the nature of science [40] [41] [42] [43] . As a matter of fact, engineering students, in particular, are too often focused on mechanically solving standard problems with the only aim of passing the exam, encountering many difficulties when facing nonstandard problems about everyday phenomena. They have no idea about the way scientific issues are addressed by real scientists and how complex phenomena can be investigated. Reasoning efforts are needed to overcome the barriers of the everyday thinking, simplify the analysis of a complex event by means of simplified models, apply conceptual knowledge effectively, and provide meaningful explanations. The understanding on how scientific knowledge is produced in real research contexts, jointly with the way inquiry is implemented in the classroom, affects the epistemological ideas that students might have about their learning activity, changing their perspective on scientific knowledge and favoring their ability to step forward to finding a solution to a problem [40] [41] [42] .
Student epistemologies of science are not robust beliefs that drives students' learning and problem solving, but context-dependent locally coherent views whose stability depends both on external stimuli and on students' personal conceptions and emotional states [44, 45] . In this context, the lasting of such changes over a long temporal step after an inquiry-based instruction has never been explored before.
The research question used to guide this work is "How effective is an OI-based instruction to achieve a long term stability of undergraduates' reasoning skills and changes in student epistemologies to solve problems concerning everyday thermal phenomena?"
The management of many science or engineering problems requires high-level thinking skills. Four years ago the topic of thermal physics was selected among those particularly requiring a meaningful understanding of complex physics concepts typical of this branch of science [46] [47] [48] [49] [50] . However, any instruction cannot be considered fully effective until a long term stability of students' outcomes is achieved, considering the necessities to apply the gained reasoning abilities to the resolution of everyday problems and future research issues.
III. METHOD
In the previous research, thirty engineering undergraduates, after having attended regular lectures on thermal science, were involved in a six-week long OI-based learning experience; specifically, a highly motivating simulated research context regarding the design of a thermodynamically efficient space base on Mars [23] . Those students had never been involved in inquiry-based learning paths before that time. The processes of scientific thinking connected with their epistemological beliefs on how to address science questions were investigated by using a questionnaire with common life open-ended problems on thermal science, which was administered both prior to and after the OI-based instruction. The robustness of the questionnaire in terms of internal validity and reliability was confirmed in the first study. The students were not informed about the duty to answer to the same questionnaire both prior to and after instruction (and four years later). None of the problems proposed in the questionnaire items were explicitly addressed during the OI-based learning workshop. For this reason, we considered the modifications in the students' postinstruction answers as mainly due to their personal revisions of the involved situations, as a consequence of the proposed learning path.
In the present study, the same questionnaire has been submitted to the same group of students and the results compared with those collected four years before. The modality of this latter administration of the questionnaire has been the same of the previous two carried out four years ago (face-to-face administration). The administration of the questionnaire has been followed by a short structured interview where the students in person were asked to answer, in order to collect a feedback on the continuation of their instruction path after the OI experience. In Table II we report the number of students as divided into four groups characterized by different levels of instruction, specifically: First level degree (G1), grouping those students who earned the 3-year degree and quit studying, Master's degree student (G2), with students still involved into Master's degree instruction, Master's degree (G3), including graduated engineers now working, and Ph.D. student or research fellow (G4), grouping graduated professionals involved in scientific research. Being useful for the subsequent analysis, in Table II we also specified the student label as recorded in Ref. [23] .
The information collected by interviewing our research sample helped us to select a control group of students who have followed the same curricular path of instruction as the intervention group, but have not participated in the openinquiry instruction in thermal science four years ago. In particular, the control group has been arranged by selecting a total of thirty among engineering undergraduates and graduated engineers grouped within the same partition as the research sample in Table II . The selection process of the participants to the control group has been carried out by calling the suitable candidates identified on the basis of their records at university (by selecting those with marks as close as possible to the average values of marks of the students as grouped in Table II ) and by asking their availability to join in this study. The participants in the control group answered the same questionnaire (with the same modalities) administered to the research sample.
The same method of statistical implicative analysis [11, 51, 52] used in the previous work [23] has been applied here again to quantitatively estimate the similarities between different students' answering strategies and the three ideal epistemological profiles, characterized by different levels of ability to face and solve real-world problems by proficiently applying the thermal physics laws. The analysis of the students' outcomes has been performed by means of the C. H. I. C. software [53] , which has been used to quantify the similarity relationship of different problemsolving approaches to ideal epistemological profiles. The Lerman's similarity index, originally defined in Ref. [11] to classify student behavior according to a method of hierarchical clustering [51] and used in the previous paper to recognize similar answering strategies (see Sec. III. B in Ref. [23] ), is also used here to quantify the similarity (in a range 0-1) between answering strategies of each student of the research sample or control group and the three ideal epistemological profiles.
IV. RESULTS AND DISCUSSION
In this section we report and discuss the results obtained by analyzing the answers provided to the questionnaire by our research sample of engineering students both prior to (preinstruction), immediately after (postinstruction), and four years later (postinstruction 4y) the experience of the OI-based learning workshop. These results are discussed in comparison with those obtained by analyzing the outcomes to the questionnaire provided by the control group.
In Fig. 1 we show the average similarity index of the research sample with respect to the three epistemological profiles for the preinstruction (red), postinstruction (blue), and post 4 years (green) questionnaire answering. For comparison, in the same plot we also show the average similarities obtained by the analysis of the answering strategies provided by the control group (purple). Vertical black lines indicate the distance of 2 standard deviations of the mean.
The average changes in student problem-solving epistemologies recorded immediately after the OI-based instruction (blue data) with respect to the preinstruction data (red) were extensively addressed in the previous paper [23] and will be no longer discussed here. In this work, we are interested to compare the outcomes collected four years later (green data) with the previous two (red and blue data). From an overall point of view, the results obtained four years after instruction are closer to those recorded immediately after the OI-based workshop than to those obtained before instruction. The average similarity of the green data set with the pe-type is not essentially different from that of blue data set, while a slightly higher similarity index to the de-type (and a corresponding lower similarity to the ex-type) is observed. The results obtained four years after instruction in our research sample show significant differences with the outcomes from the control group (purple data). The average similarity indexes of the purple data set to pe-type, de-type, and ex-type profiles are well outside the distance of 1 standard deviation from the mean calculated by the green data. In order to get a statistical significance of the difference between the mean of the two samples (green and purple) we have computed the student's T statistic separately for the three answering typologies, and the results are summarized in Table III. Being the values of significance so low and considering the computed confidence levels are always well above the usual 95% threshold generally adopted to establish that two sample populations have significantly different means, we may infer there is a statistically significant difference between the research sample and control group-rejecting the possibility that the differences are due to random sampling variability.
The detailed distribution of student answering strategies with respect to the three ideal epistemological profiles of problem-solving approaches is shown by means of the similarity graph reported in Fig. 2 , where the similarity pattern of the research sample (green circles) is compared with the control group (purple triangles), through the answers collected four years after the OI-based instruction. In Fig. 2 , the three boundary squares are the vertexes of an equilateral triangle with side length equal to unity and they represent the three ideal epistemological typologies of problem approaching. The distance d from each one of these vertexes is related to the similarity index s by d ¼ 1-s. The x and y represent the coordinates in a similarity space where the proximity to a specific vertex implies a high value of similarity with that typology, and vice versa. The concentric circumferences mark the distances 0.25, 0.5, 0.75, and 1 from the vertexes and the colored-numbered symbols represent the students.
In Fig. 2 the main difference between the two samples arises from the presence of a cluster of control group's FIG. 1. Average similarity index of student answering strategies with pe-type, de-type, or ex-type profiles to address the questionnaire, administered before (red bars), just after instruction (blue bars) and four years after participating the OI-based experience (green bars), in comparison with the results obtained by the control group (purple bars). participants with higher pe-type similarity index (lower distances from practical or everyday vertex) with respect to the research sample, confirming the higher mean reported in Fig. 1 . Second, only three units of the control group lie within the 0.25 proximity circle to the ex-type vertex, with respect to a definitely more populated subsample of students from the intervention group. This finding makes sense of the lower average similarity index to the ex-type profile (plotted in Fig. 1 ) than that obtained from the research sample four years after instruction.
In Fig. 3 we show a detailed comparison between the preinstruction (red squares), postinstruction data (blue diamonds), and four-year-later outcomes (green circles). In this plot solid lines are used to connect the outcomes from any single student. In this way, we have analyzed the overall stability of the answering strategies implemented by our sample of students and, at the same time, we have followed the temporal evolution of the problemapproaching epistemology of any single participant to this study. Figure 3(a) essentially summarizes the results obtained immediately after the accomplishment of the OI-based learning experience [23] . Initially, the students' answers highlighted a combination of two main clusters of similarity, specifically around the de-type ideal profile with a less populated one related to the ex-type profile, with some students sharing similarities with both practical or everyday and descriptive typologies. This finding has been extensively discussed in our previous paper where we addressed the problem solving difficulties experienced by already-instructed undergraduates in terms of their epistemological stances, probably ascribed to a learning method too much concentrated towards solving standard problems by applying mnemonic procedures, instead of deepening their view of science as a reasoning effort for finding coherent explanations. Postinstruction data show a strong reduction in the students' pe-type similarity index (greater distances from practical or everyday vertex) and a significant increase in the number of explicative strategies, forming a dominant ex-or de-type (blue) cluster of similarity.
The comparison between postinstruction data (blue diamonds) and four-year-later outcomes (green circles) is shown in Fig. 3(b) . Immediately after the completion of the OI-based learning workshop the students answered the questionnaire by mainly applying problem solving strategies characterized by an explicative approach, as highlighted by a concentrated cluster of blue-diamond symbols, with the exception of the students labeled 2, 5, and 29, whose outcomes lie a little closer to a descriptive type. Four years later, the distribution of student answering strategies appears to be more scattered with the predominance of two distinct clusters around the explicative and descriptive typologies. In this respect, a closer look at this graph allows one to note that the change into the similarity distribution appears to follow a definite trend, with some students improving their outcomes towards the explicative corner while others seem to regress to a de-type. In order to further explore this point, we have plotted in Fig. 4 the values of similarity index for all the students of the research sample, separately for pe-type, de-type, and ex-type profiles. For each student, labeled by an integer from 1 to 30 on the x axis, two different symbols are used to distinguish postinstruction (blue diamonds) from post-4y-instruction (green circles) similarity indexes, connected by an arrow helping to visualize the temporal evolution. First, we have calculated the paired T statistics for the comparison between the research sample's average similarities observed immediately after instruction and four years later (Table IV) . In terms of significance, the results of this test confirm that the average similarities with respect to the practical or everyday epistemological profile did not change significantly with time. As a matter of fact, data in Fig. 4(a) do not highlight significant changes in the similarities of the student answering strategies, confirming the stability of the student learning outcomes with respect to a regression towards the pe-type profile. The higher levels of confidence obtained in the two remaining profiles suggest the presence of differences which needed a detailed investigation. In fact, with the exception of some students characterized by a high level of stability (labeled 3, 8, 17 , 20, 27, and 28), a greater variability is instead observed for similarities to the de-type and ex-type [Figs. 4(b) and 4(c) ], where some students show an increase of similarity with the de-type approach (and a consequent decrease with respect to the ex-type) and others, on the contrary, are characterized by a reversed behavior, showing an improvement towards the ex-type answering profile. In particular, a deeper analysis of the data plotted in Figs. 4(b) and 4(c) highlights the presence of three subsamples of students whose similarity changes behaves in a similar way. A first group (with students labeled 1, 6, 11, 15, 17, 19, 22, 24, 30 in Fig. 4) shows a definite improvement in their similarity towards the explicative typology. A second group (with learners labeled 2, 5, 7, 9, 10, 14, 16, 21, 23, 25, 26, 29) , characterized by an initial (postinstruction) similarity index lower than 0.6 with respect to the ex-type, has further lowered these values by increasing the similarity towards the de-type profile. A final group (with students labeled 3, 4, 8, 18, 20, 27, 28) , all starting with ex-type similarities higher than 0.6, after four years, essentially remained with the same similarities with respect to the three typologies.
In order to explore the connections between the trends observed in Fig. 4 about the changes of student problem solving approaches and the instruction path the students have followed in the last four years, we have plotted in Fig. 5 a multiple similarity graph with the data collected before, immediately after the OI-based workshop, and four years after instruction, for the research sample (blue circles) and control group (red diamonds) separately as in the four groups of Table II . In this way, we can follow in Fig. 5 , row by row from left to right, the temporal evolution of the problem solving approach of students within a single group and finally compare this behavior with the corresponding participants from the control group.
Even considering the small number of members in each group due to the limitation of a pilot study, some definite behavior can be easily recognized in Fig. 5 . Four years after the OI-based workshop, students in G1, who did not continue their studies, show a clear change towards the de-type profile, although maintaining about the same distances from the pe-type vertex achieved immediately after the OI-based instruction. A similar but less evident behavior is recognized in the Master's degree students belonging to G2. However, it should be noticed that, even though some regression towards the de-type is observed, the students belonging to G1 and G2 are still fairing, on average, better than the control group, as supported by the statistically significant differences shown in Table III . Similarities in G3 graduates do not show evident variations, except for some minor changes from a pair of students slightly reducing the distances from the ex-type ideal profile. Students in G4, now graduates involved in Ph.D. studies, postgraduate specialization, or research fellowships, were among those who performed better immediately after the workshop together with few others from G3 and G2, are characterized by a clearer ex-type approach, except for two of them with increasing similarities with respect to the de-type profile. Even not considering a straightforward relationship between the percentage of students with durably high ex-type similarity index and instruction success, it seems plausible that those students who, in the last four years, got better opportunities to continue their high-level instruction and performed researchlike activities, further increased their similarity towards an ex-type profile, with respect to those who left the university to work in a company (or in any other field different from scientific research), showing a regress towards a de-type approach of problem solving.
V. CONCLUSION
The efficacy of OI-based teaching or learning strategies has been deeply investigated in the past decades [23, [33] [34] [35] [36] . Four years ago we explored this topic by quantitatively investigating the problem solving performances of a sample of mechanical engineering undergraduates who experienced an OI-based learning environment aimed at applying conceptual knowledge already acquired and promoting scientific reasoning. The global improvement in the students' problem-solving strategies, quantitatively established by the percentage increase of pre to post-instruction ex-type answers to different questions, was a clear indicator of the efficacy of OI-based learning activities to activate more efficient problem solving skills. Nevertheless, our results highlighted that OI experiences contributed positively to increase student abilities in problem solving by providing the activation of appropriate epistemological resources, quantitatively estimated by measuring the similarity index to an explicative typology of the problem solver profile [23] .
In this work we have addressed the question of the lasting of student outcomes four years after having experienced an OI-based learning environment on thermal science. We have administrated the same questionnaire used in the previous study with everyday problems about thermal phenomena and applied the same research method. In addition, here a control group has been suitably selected for comparing the outcomes provided by the research sample with those adopted by students who experienced the same instruction path except for not having attended the OI-based workshop four years ago. The differences on the average levels of similarity with the three ideal problem-solving profiles achieved by the control group with respect to the research sample are statistically significant, providing some level of trustworthiness to the results of this study.
Even considering the limits of a pilot study, a first notable result is that none of the involved students has shown a regression towards the practical or everyday epistemological profile, confirming the overall robustness of an OI-based instruction performed after a more traditional lecture-based class. This finding is particularly stable for a subsample of 7 students out of 30, namely, about 23%, where the highest values of similarity index have been recorded with respect to the explicative typology of problem solving. The stability of learning outcomes can be viewed in line with the threshold concepts theory (TCT) [54] , where it is proposed that once a student has passed certain disciplinary "conceptual gateways" or "portals of understanding" there is no "way back," i.e., the learning that has taken place is transformative and irreversible (unlikely to be forgotten) and integrative. Nevertheless, our investigations have also shown that a further 30% of students have scored at significantly higher levels in the similarity to the same ex-type epistemological profile, compared with four years' earlier data. The remaining students tried to recover some formulas from the long term memory and mechanically apply it to solve the problem, but without achieving a meaningful solution. As a matter of fact, these students faced some more difficulties to solve the proposed problems with respect to their last performances, now increasing the similarity towards the descriptive epistemological profile, but still performing better than the control group. Finally, in this paper we reported some clues that correlate our findings to the student experiences after the conclusion of their graduation instruction. We have found that Master's degree graduates continuing to practice scientific reasoning through engineering specialized studies have shown a further improvement of problem-solving skills. On the contrary, our findings also suggest that a lack of researchlike experiences could be a cause of regression towards a more descriptive epistemological profile in those students who have not completely crossed the conceptual gateways mentioned by the TCT [54] .
In summary, the success of an instruction path has never been measured over such a long temporal window. This study establishes the robustness of an OI-based method of instruction in terms of a lack of regression towards a practical or everyday approach of problem solving in thermal science, confirming the efficacy of this teaching approach to support the development of long-lasting levels of problem-solving skills. The significance of our results has been supported by statistically different findings on control group outcomes. A continuous practice of the process of scientific inquiry seems necessary to maintain or improve the reasoning abilities needed to achieve a more meaningful conceptual understanding of the physics underlying natural phenomena. In order to be confirmed, this latter claim would need a more extended study that could be the subject of a future work.
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